The family of genes encoding T-cell immunoglobulin and mucin-domain containing proteins (Tim), which are cell-surface molecules expressed in CD4
Introduction
The TIM gene family, HAVCR1 (human hepatitis A virus cellular receptor 1), HAVCR2, and TIMD4, encodes a small group of type I transmembrane glycoproteins composed of an immunoglobulin-like domain positioned atop a mucin-like domain. This structure is similar to that of several known adhesion proteins, and points to a possible role of TIM proteins as adhesion molecules. 1, 2 The expression of these genes in T helper (Th) cells suggests that these proteins might have particularly important roles in regulating the immune response. For example, HAVCR2, which is highly expressed by Th1 cells, appears to be involved in the differentiation of CD4
þ Th cells and the activation of macrophages. 3 The HAVCR2 pathway also provides an important mechanism for downregulating Th1-dependent immune responses and facilitates the development of immunological tolerance. 4, 5 HAVCR1, the first TIM family member to be identified, was initially recognized as a receptor for the hepatitis A virus (HAV) 6 and was later implicated in susceptibility to allergic asthma in mice 7 and humans. 8 This evidence, along with the participation of other TIM genes in the human immune system, suggests that functional variation in HAVCR1 could be a particularly important determinant of the immune response. Yet, little is known about patterns of functional variation in this gene.
Information about the presence of functional variation in genes can be obtained in a variety of ways. In humans, linkage and association studies are often used to identify genotype-phenotype correlations; in mice, targeted gene knockouts are often useful. While these approaches have been highly successful, they can be prohibitively expensive. A major goal of this study was to generate new hypotheses about the presence of functional polymorphisms by testing for signatures of natural selection in the HAVCR1 gene. As natural selection acts on variable phenotypes, the effects of natural selection will be strongest on those variants that confer such phenotypes. Thus, evidence of natural selection in a genomic region suggests that functionally important variants are present in that region. By examining patterns of nucleotide diversity both within humans and between humans, chimpanzees, and gorillas, we hoped to identify those sites most likely to confer phenotypic variation. We found that signatures of balancing natural selection are present in HAVCR1; however, these signatures are localized to a region encoding an extracellular mucin domain that is likely involved in the recognition of molecules outside the cell. We hypothesize that these variants confer phenotypic variation and are thus good candidates for use in future linkage and association analyses.
Results

Expression of Tim-family genes in human CD4
þ Th cells CD4
þ Th cells were isolated from human peripheral blood using monoclonal antibodies to CD4 coupled to magnetic beads (MACS, Miltenyi Biotechnology, Auburn, CA, USA), and stimulated in vitro under Th1-or Th2-differentiating conditions by plate-bound anti-CD3e along with IL-12 þ anti-IL-4 or by anti-CD28 with IL-4 þ anti-IFN-g þ anti-IL-12. 9 As shown in Figure 1 , human HAVCR1, HAVCR2, and TIMD4 were highly expressed in Th1-differentiating conditions 5 days after stimulation. HAVCR1 in the mouse is specifically expressed by differentiating and differentiated murine Th2 cells, 7 and the expression of Tim-family genes in human CD4
þ Th cells implies that Tim proteins are likely to participate in immune regulation in the human.
Nucleotide polymorphisms in human HAVCR1, HAVCR2, and TIMD4 genes Patterns of DNA sequence variation were evaluated in all exons of HAVCR1, HAVCR2, and TIMD4 in 281 human samples (94 African-American, 92 Caucasian, and 95 Japanese). A total of 28 sequence variants were identified: 17 in HAVCR1, three in HAVCR2, and eight in TIMD4 ( Figure 2 and Table 1 ). Many of the nucleotide variants detected in coding regions were observed in exon 4 of HAVCR1 (12 sequence variations), a region encoding the N-terminal half of the mucin domain. Six of the 12 variants observed in exon 4 of HAVCR1 were nonsynonymous nucleotide substitutions. Four were inframe insertion/deletion polymorphisms (one 18 bp/6aa deletion and three 3 bp/1aa deletions). The abundance of nonsynonymous nucleotide substitutions and insertion/ deletion polymorphisms within one exon suggested an evolutionary history of natural selection, as in the case of antigen recognition sites in major histocompatibility complex (MHC)-HLA genes.
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To determine whether natural selection has occurred at HAVCR1-exon 4, we determined the complete sequences of all HAVCR1 exons and B1. À4 in all human samples; Table 2 ). The patterns of nucleotide substitutions at nonsynonymous sites and/or synonymous sites in HAVCR1-exon 4 were evaluated. The mean number of nucleotide substitutions at nonsynonymous sites (P A ) and synonymous sites (P S ) were evaluated based on 11 HAVCR1-exon 4 sequences identified in human population samples. The value of P A at HAVCR1-exon 4 (0.0085) is much higher than the value for other coding regions of HAVCR1 (0.0011) and the ratio of P A to P S at HAVCR1-exon 4 is 41 (P A /P S ¼ 1.92).
A similar pattern was found in the mean number of nucleotide substitutions at nonsynonymous sites (p A ) and the mean number of nucleotide substitutions at synonymous sites (p S ) in human population samples. 11, 12 As shown in Table 2 , p A (54.09 Â 10 À4 in all human samples) is much higher than p S (24.31 Â 10 À4 in all human samples) and the ratio of p A to p S at HAVCR1-exon 4 is 41 (p A /p S ¼ 2.23). This p A /p S value is much higher than the value based on 13 582 bp of coding sequences from 106 genes (2.23 vs 0.64), described by Cargill et al.
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Haplotype network of HAVCR1-exon 4 in human populations I all, 11 sequences were identified at HAVCR1-exon 4 in population samples ( Figure 3 and Table 3 ). African and African-American samples showed more diverse allelic Evidence for natural selection in the HAVCR1 gene T Nakajima et al frequencies and the highest level of heterozygosity, 0.823 and 0.815, respectively. In East Asian samples D3-A was the most frequent haplotype, and these populations showed lower heterozygosity than any other group ( Figure 3 and Table 3 ). Ewens-Watterson neutrality tests 14 did not deviate significantly from expectations under neutrality, except in native African, AfricanAmerican, Ashkenazi populations, and in all combined human samples (Table 3) .
A haplotype network for 11 HAVCR1-exon 4 haplotypes shows that three main clusters of high-frequency haplotypes are separated by relatively long branches in human populations (Figure 3 ).
Nucleotide diversity among human, chimpanzee, and gorilla HAVCR1-exon 4 sequences Comparisons of HAVCR1-exon 4 in human, chimpanzee, and gorilla sequences revealed considerable nucleotide divergence among the three primate species (Figure 4) . Figure 5 illustrates neighbor-joining phylogenic trees derived from 1505-bp promoter sequences and 700-bp sequences around exon 4 of human, chimpanzee, and gorilla HAVCR1 genes. These trees showed that levels of divergence among exon-4 sequences are large in comparison with those in promoter sequences. Further, some human sequences were more similar to chimpanzee sequences than they were to other human sequences. This pattern implies that chimpanzee and human sequences diverged before the human-chimpanzee split more than 5 000 000 years ago. 15 Levels of divergence between gorilla and human were also relatively large. For example, gorilla and human sequences with haplotype D3-A differed at 6.3% of synonymous sites in exon 4 (five nucleotide differences in 79.33 synonymous sites).
It is notable that high nucleotide diversity among primate sequences was also observed at the boundary of exon 4 and intron 4 ( Figure 6 ). Comparisons of HAVCR1-intron 4 sequences from human and gorilla showed that the high degree of divergence observed in exon 4 was also present in a 100-bp segment of intron 4 adjoining exon 4. We hypothesize that this pattern of variation is due to hitchhiking effects.
Discussion
Two patterns of variation in HAVCR1-exon 4 suggest that evolutionary processes in this region have not been neutral, but have been driven by natural selection.
First, under neutral conditions, genetic drift is expected to result in the coalescence of gene genealogies over a relatively short time period. 16 The high levels of divergence within humans, including the divergence of some exon 4 alleles prior to human-chimpazee speciation, are most consistent with the hypothesis that balancing natural selection has acted to maintain different HAVCR1-exon 4 alleles for an extended period of time.
Under balancing selection, alleles are maintained at intermediate frequencies, often as a result of rare-allele advantage. Two major models of balancing selection, overdominant and frequency-dependent selection, are suggested. Frequency-dependent selection will result in a constant turnover of alleles in a population. While this model is expected to generate a higher number of substitutions per synonymous site than per nonsynonymous site, it can explain neither the high degree of polymorphism seen here nor the long-term persistence of advantageous alleles. 17 However, the overdominant selection hypothesis can adequately explain the large extent of polymorphism we have seen at HAVCR1-exon 4 within human populations. Overdominant selection, where the fitness of alleles in the heterozygous state is greater than those that are homozygous, is the model used to explain the large degree of polymorphism at the MHC loci. 10 Some evidence now exists to support an advantage for MHC heterozygosity, which has been associated with protection against several viral diseases including delayed progression of HIV infection 18 and resistance to hepatitis B virus. 19 The high levels of amino-acid substitution in HAVCR1-exon 4 suggest that positive natural selection has been active along with balancing natural selection in this region. Both P A /P S and p A /p S in this region are 41. The p A /p S ratio is much higher than a published value based on 13 582 bp of coding sequences from 106 genes (2.23 vs 0.64). 13 These values are difficult to evaluate statistically Nucleotide diversity of HAVCR1 promoter region for all human populations is based on the data from eight human population samples.
Evidence for natural selection in the HAVCR1 gene T Nakajima et al because the effects of natural selection on the human genome as a whole, and thus the underlying distributions of the ratios, are not known. Nonetheless, our results suggest that the rate of amino-acid change in the mucin domain encoded by exon 4 is elevated substantially over that in most other genes. Neither a high mutation rate in HAVCR1-exon 4 nor gene conversion can explain this high rate of nonsynonymous substitution. The simplest explanation is that positive natural selection has actively preserved amino-acid changes.
The effects of positive natural selection are also suggested by the relatively high nucleotide divergence among primate species, shown in the phylogenic trees for HAVCR1-exon 4 sequences in Figure 5 . These trees show that HAVCR1-exon 4 sequences are highly divergent relative to alleles in the HAVCR1 promoter region. One explanation for this finding is that natural selection has constrained the promoter region, preventing it from diverging. However, the high levels of amino-acid substitution in exon 4 suggest
Thr 160 Evidence for natural selection in the HAVCR1 gene T Nakajima et al Evidence for natural selection in the HAVCR1 gene T Nakajima et al an alternative hypothesis, that positive natural selection has caused amino-acid substitutions at an unusually high rate, allowing long branches to emerge in the tree. Taken together, these patterns of variation suggest that both positive and balancing natural selection have been acted on HAVCR1. These patterns are similar in many respects to those observed in MHC loci, which also seem to have been affected by both balancing and positive natural selection. 10 While deep divergence among alleles within human populations suggests that these alleles have been maintained for an extended period of time, the excess of nonsynonymous nucleotide substitutions suggests that the molecule has been under ongoing selective pressure.
What might have provided the selective pressure for HAVCR1-exon 4? The most obvious hypothesis is that HAVCR1 has been under pressure to avoid viral infection. This hypothesis is motivated by evidence that HAVCR1 functions as a cellular receptor for the HAV and that the mucin domain of HAVCR1 is required for efficient HAV uncoating. 6, 20 Variation in genes encoding cell-surface viral receptor molecules often alters susceptibility to viral infection. 21 For example, a mutation in the chemokine receptor CCR5 provides resistance to HIV infection. 22, 23 Thus, sequence variation in the HAVCR1 protein might alter susceptibility to viral infection, with HAVCR1 heterozygosity conferring an evolutionary advantage. This hypothesis is supported by an etiological study by McIntire et al, 8 which indicated that HAVCR1-exon 4 genotypes might contribute to the effects of HAV on cytokine production. An alternative hypothesis is that allergic and/or autoimmune disease may have provided the selective pressure at this locus during human evolution. Linkage analyses in mice and humans have shown that TIM genes are linked to susceptibility to allergic and/or autoimmune disease. 24, 25 An association of HAVCR1-exon 4 sequence variants with susceptibility to asthma in humans 8 has also been reported.
Although the role of the HAVCR1 protein in the immune system remains poorly understood, patterns of variation in the gene suggest that important functional variants are present. As natural selection acts on variable phenotypes, the effects of natural selection will be strongest on those genes that confer such phenotypes. Thus, evidence of natural selection in the mucin domain of HAVCR1 suggests that functionally important variants are present in that region. Evidence that natural selection may have preserved functional variation in the mucin domain of HAVCR1 is consistent with the suggestion that this protein is involved in the adhesion of extracellular molecules and suggests that HAVCR1 might have been under long-term pressure to adapt to a constantly changing environment.
Evidence that natural selection has acted to maintain functional variation in exon 4 of HAVCR1, in particular, suggests that linkage and association studies in which HAVCR1 is a candidate gene may benefit from a focus on the mucin domain. As natural selection seems to have acted to preserve functional variation in this region, it is a reasonable a priori candidate in efforts to identify genotype-phenotype correlations. We propose that variants distinguishing the most divergent human haplotypes, such as those that distinguish the haplotype clusters in Figure 3c , will be particularly informative in such studies. Evidence for natural selection in the HAVCR1 gene T Nakajima et al
Methods
Cell isolation and stimulation
Human CD4 þ Th cells were isolated from peripheral blood cells by positive selection using MACS (Miltenyi Biotech., Auburn, CA, USA) in a MACS separation column. CD4
þ Th cells were stimulated in vitro under Th1-or Th2-differentiating conditions, either with platebound anti-CD3 (2 mg/ml) along with IL-12 (10 ng/ml) þ anti-IL-4, or anti-CD28 (2 mg/ml) along with IL-4 (10 ng/ml) þ anti-IFN-g þ anti-IL-12. After 5 days of stimulation, cells were collected for preparation of mRNA and supernatants were stored at À701C for IL-5 and IFN-g assays. RT-PCR reactions were performed using the ThermoScript TM RT-PCR system (Invitrogen, Carlsbad, CA, USA). Cytokine concentrations were measured by ELISA using commercially available kits for IL-5 and IFN-g (R&D Systems, Minneapolis, MN, USA). 
Population samples
Identification and genotyping of nucleotide variations
Overlapping primer sets covering all exons of HAVCR1, B1.5 kb of promoter sequences upstream of the transcription initiation site of HAVCR1, and all exons of HAVCR2 and TIMD4, were designed on the basis of size and overlap of PCR amplicons. Genomic DNA was subjected to PCR amplification followed by sequencing, using the BigDye Terminator cycling system. Sequencing analysis was performed in an ABI Prism 3700 automated DNA sequencer (Applied Biosystems). Sequence variations were identified by comparing sequences with the Sequencher TM program (Gene Code Co., Ann Arbor, MI, USA). Each polymorphism was confirmed by reamplifying and resequencing from the same or the opposite strand. TA cloning was performed using TOPO TM TAcloning kits (Invitrogen, Carlsbad, CA, USA), to determine the gametic phase for individuals who were heterozygous at the HAVCR1-exon 4 locus.
Statistical analysis
The mean numbers of nucleotide substitutions per nonsynonymous (p A ) or synonymous site (p S ) 26 were calculated using DnaSP version 3.50 27 (available at www.ub.es/dnasp/). The Ewens-Watterson neutrality test was performed with the Arlequin computer program, 28 which is available at the ARLEQUIN web site. Alignment and neighbor-joining trees for primate sequences were inferred using the Clustal X program. Evidence for natural selection in the HAVCR1 gene T Nakajima et al 
